Engineering an array of precisely located cavity-coupled active media poses a major experimental challenge in the field of hybrid integrated photonics. We deterministically position solution processed colloidal quantum dots (QDs) on high quality-factor silicon nitride nanobeam cavities and demonstrate light-matter coupling. By lithographically defining a window on top of an encapsulated cavity that is cladded in a polymer resist, and spin coating QD solution, we can precisely control the placement of the QDs, which subsequently couple to the cavity. We show that the number of QDs coupled to the cavity can be controlled by the size of the window.
Introduction
Hybrid photonic integrated circuits, comprised of nanophotonic structures and active media, have recently seen an outpouring of diverse applications, ranging from ultralow threshold nanolasers [1] [2] [3] [4] [5] to quantum networks 6, 7 . A key driver behind their success has been the improved engineering of the electromagnetic environment with nanoscale optical resonators, which have led to enhanced light-matter coupling and demonstrations of quantum optical effects in both the weak and the strong coupling regimes [8] [9] [10] . As a result, it has now become possible to fabricate a robust array of high quality (Q)-factor cavities on the same chip, opening a possible route to building multifunctional optical interconnects 11, 12 as well as scalable, on-chip quantum simulators 13, 14 .
While state-of-the-art fabrication methods can yield hundreds of cavities with sub-wavelength precision, large-scale control over the positioning of multiple active media remains elusive.
Extensive work has been carried out with self-assembled semiconductor quantum dots (QDs) to overcome their random positioning and inhomogeneous broadening, including seeding nucleation centers for site-controlled growth 15 , but there has been no report of a deterministically coupled system of multiple QD-cavities. Beyond semiconductor QDs, several studies looked at deterministic creation of nanodots and single emitters using monolayer materials [16] [17] [18] , albeit with limited success.
A promising candidate for active media in hybrid photonic integrated circuits is solution processed colloidal quantum dots (QDs) 19 . Owing to their robust synthesis and straightforward application onto most substrates, colloidal QDs have generated intense interest as a novel class of light emitting materials [20] [21] [22] . Optically pumped lasers and electrically triggered single photon sources based on colloidal QDs have recently been demonstrated [23] [24] [25] [26] . Low threshold nanolasers and low power nonlinear optical devices have also been achieved by coupling the QDs to nanocavities 2, [27] [28] [29] . The simple drop-cast and spin-coat methods that were employed to place the QDs on the cavities, however, are probabilistic in nature, where the only control that the experimenter has is the QD density in the solution. An innovative method to trap the colloidal QDs in lithographically defined windows has recently been demonstrated 30 . When a substrate with nanoscale windows is spin-coated with a uniform thin film of the solution, the QDs, depending on their relative size and the chemical properties of the solution, enter and occupy the windows, thus dramatically increasing the selective placement probability. Combining this method with cavities, on the other hand, is complicated as typical ultra-low mode-volume photonic crystal cavities (PhC) cannot be cladded in a thick resist without severely degrading their Q factors, since the sharpness of the cavity resonance comes from the contrast in the index of refraction between the cavity material and the surrounding environment 31 . Although it is possible to develop methods to post-liftoff the resist, it is nontrivial to guarantee that the QDs would still attach with the cavities after the processing.
Moreover, the suspended nature of most PhC cavities will prevent further sonication for resist
cleaning. These problems can, however, be solved using a recently demonstrated encapsulated nanobeam cavity in the silicon nitride platform 32 .
In this paper, we experimentally demonstrate deterministic positioning of solution processed Our work paves the way to creating a large array of coupled cavities with each cavity containing a specified number of QDs, with potential applications in nonlinear optics, multi-functional optical devices, and on-chip, solid-state quantum simulators.
Encapsulated silicon nitride nanobeam cavity
We designed, fabricated, and tested the SiN nanobeam cavity following the same process as our previously reported method 32 . We first calculated the band structure of the unit cell (MIT Photonic Bands) and optimized the whole cavity structure with finite difference time domain simulation (Lumerical). Specifically, we created the cavity by linearly tapering the major axis diameter of the holes and the period about the cavity center. We adapted 10 elliptical holes for tapering region and optimized the design parameters until we found a suitably high Q-factor (Q ~10 5 ) resonance centered at 630 nm. In the final design, the nanobeam has a thickness t = 220 nm and a width w = 553 nm. The Bragg region consists of 40 elliptical holes placed at a periodicity of a = 189 nm. The elliptical holes have a major and a minor diameter of 242 nm and 99 nm, respectively. In the tapering region, the periodicity and the major diameter of the hole is linearly reduced to 179 nm and 112 nm, while the minor diameter is fixed. The cavity length is 72 nm. The resulting electromagnetic field has a mode volume of ~2.5 ( ) 3 , on the same order as that of a previously reported floating SiN nanobeam resonator 31 .
We fabricated the cavity using 220 nm thick SiN membrane grown via LPCVD on 4 µm of thermal oxide on silicon. The samples were obtained from commercial vendor Rogue Valley
Microelectronics. We spun roughly 400 nm of Zeon ZEP520A, which was coated with a thin layer of Pt/Au that served as a charging layer. The resist was then patterned using a JEOL JBX6300FX electron beam lithography system with an accelerating voltage of 100 kV. The pattern was transferred to the SiN using a RIE etch in CHF3/O2. Figures 1 a,b show the scanning electron micrographs (SEMs) of the fabricated SiN cavities on thermal oxide just after etching. Figure 1c shows the simulated profile of the mode confined in the cavity. To encapsulate the cavities, we spun ~ 1 μm PMMA at 3 krpm speed and then baked the chip to remove any remaining solvent. 
Simulated cavity mode profile via FDTD (d) Transmission spectrum of the cavity without a PMMA window (Cavity-I) before spin-coating colloidal QDs (Q~6900) and (e) after spin-coating colloidal QDs (Q~6600) (f) Transmission spectrum of the cavity with a PMMA window (Cavity-II) before spin-coating colloidal QDs (Q~7600) and (g) after spin-coating colloidal QDs (Q~6200). The results indicate that the cavity-I could still retain high-Q operation under organic polymer cladding. Also, due to the limited QD absorption, the spin-coating of QDs does not dramatically degrade the Q factor of Cavity-II.
We then measured the transmission spectra of the cavities using a supercontinuum light-source (Fianium WhiteLase Micro). The supercontinuum light was focused on one of the two grating couplers, and the transmitted light collected from the other was analyzed with a spectrometer (Princeton Instruments PIXIS CCD with an IsoPlane SCT-320 Imaging Spectrograph). The use of the grating couplers to measure the cavity transmission and to collect the coupled PL of QDs in the following experiments is beneficial for on-chip light sources to be integrated with other integrated optics components. The cavity transmission spectrum is shown in Figure 1d . We clearly observed a cavity resonance at 630 nm with quality factor ~ 6600, extracted via a Lorentzian fit to the measured data ( Figure 1d ). We note that the experimental Q-factor is significantly smaller than our simulation, which we attribute to fabrication imperfections due to the small feature size for visible wavelength operation.
Deterministic positioning of colloidal QDs on a single cavity
Colloidal CdSe/CdS core-shell QDs were synthesized to have PL emission centered at 630 nm, matching the cavity resonance. The QD synthesis method and the PL spectrum of the as-prepared
QDs are described in the Supplementary Materials. We first performed an overlay process using electron-beam lithography to define small square-shaped windows with different side lengths (1.5
μm, 750 nm, 500 nm, and 300 nm) in the PMMA resist that had been placed on top of the chip containing multiple nanocavities. The locations of the windows were chosen to coincide with those of the antinodes of the cavity modes. We also left some cavities inaccessible to the QDs without any PMMA window.
Following this setup, we dissolved 10 nM QD in 10:1 hexane and octane, filtered through a 450 nm Polyvinylidene Fluoride (PVDF) filter, and then spun coat the QD solution to get a uniform thin film on top of the device. From ellipsometry measurements, the QD thin film had a thickness of 80 nm and refractive index ~ 1.5. We note that while pure CdSe has a refractive index of ~ 2.3, the whole thin film has a lower index due to the presence of organic ligands and solution residues. Figure 2 shows the schematic of our device. For a cavity without a window (cavity-I), we expect to observe no coupling with the QDs, as the thick resist will prevent any coupling between the cavity and the QD layer. For cavities with windows (cavity-II and III), we expect to observe coupling with QDs and qualitatively control the coupling by varying the size of the window. We first compared the device performance before and after the solution deposition. For cavities without PMMA windows, the Q factor remained the same both before and after the QD deposition, indicating that the QDs did not couple to the cavities. Figure 1e is the transmission measurement result after solution deposition. For cavities with PMMA windows, the spectrum before the electron beam exposure and solution deposition is shown in Figure 1 , with Q factor of 7600. The cavity resonance disappeared after the electron beam exposure and before the solution deposition, since the change of the refractive index in the window region (filled with air) dramatically perturbed the mode and degraded the quality factor, which we confirmed by FDTD simulation. In the FDTD simulation, a cavity with quality factor of ~10 5 dropped to 1200 when a 1.5μm × 1.5μm window is opened up in its PMMA. However, after the QD deposition as shown in Figure 1g , the cavity recovered to an experimentally verified Q factor of 6200.
Having confirmed the robustness of the cavity resonance in the presence of PMMA windows, we performed the photoluminescence (PL) measurement. Figure 3a shows the SEM of the device with schematic of 1.5 PMMA window. Figure S2 in the supplement shows the experimental setup for the PL characterization. A continuous wave (CW) green diode laser ( ~ 532 nm) was used to pump the center of the cavity where the PMMA window was located. The laser was focused to a 1-μm-diameter beam spot by an objective lens with NA= 0.65. We also used a 550 nm low-pass filter to block the pumping light in the collection path. We first confirmed the QD-cavity coupling by pumping the QDs and observing PL coming out of the grating couplers with a CCD camera (Figure 3b ). For more detailed analysis of the light, we used a spectrometer. Since the PL signal coming from the window location was much brighter than that coming from the grating couplers, we used a pin-hole to collect the light only from the grating coupler when we were studying the cavity signal (Figure 3c ). The cavity mode at 629 nm matched with our transmission measurement.
We note that another mode at 612 nm appeared in the PL measurement compared to just a single mode observed for the cavity before the QDs were applied. We attribute this to the slight refractive index difference of the QDs with PMMA. The higher refractive index of the QDs breaks the zdirectional symmetry of the cavity, and through numerical simulation, we confirmed it was indeed a new TM mode 32 (see Supplementary Materials). However, as shown in Fig. 3c , for a cavity with no PMMA window, when we collected PL signal from the grating we only observe scattered background signal and no cavity signal. We were able to observe coupling down to the smallest window (300 nm side length) on the chip, indicating our deterministic positioning mechanism is robust. Further improvement of the viscosity of the solution should allow the QDs to get into even smaller windows. In addition to tuning the spatial position for controllable coupling, we also achieved spectral control of the PL coupled to the cavity by fabricating cavities with linear change of Bragg period on the same chip. Figure 4a shows the PL coupled with cavities with different resonance, covering the whole PL emission spectral region of the QDs. We further confirmed the cavity enhancement by performing lifetime measurements (Figure 4b ).
We fitted the data with a multiexponential decay model 33 :
The average lifetime is given by:
The Purcell enhancement factor is given by:
Here, is the cavity resonance wavelength; is the quality factor of the quantum dot emission linewidth; is the refractive index of the cavity dielectric; is the cavity mode volume and ( ) is the ratio of mode intensity at the emitter's location to the maximum. We note that we are using the quality factor of the emitter but not the cavity since we are in the "bad" emitter regime, where the linewidth of the emitter is much larger than the linewidth of the cavity 34 . For our device, the linewidth of the QD emission was 23 nm, giving a quality factor of 27; the numerically estimated mode volume is 2.5 ( ) The slight discrepancy between the measured Purcell enhancement and the theory is attributed to the fact that some of the QDs were not located at the field maximum on the surface. We note that due to our higher mode volume compared to suspended cavities, our Purcell enhancement factor was smaller than the largest value (4.2)
reported in a dielectric resonator 27 . However, by further optimization, a lower mode-volume resonator can be realized 35 . For example, by exploring a nanobeam design with a slot structure 36 , one could dramatically reduce the mode volume while maintaining a high Q factor, and thus a much higher enhancement factor. the device with 500 nm and 300 nm windows, however, the intensities were lower than those with the larger window cavities, with the intensity for the 300 nm window even lower than that for 500 nm window. We attribute this observation to the fact that as the windows become smaller, the QDs are no longer able to enter into the cavities efficient due to the surface tension of the solution.
However, further surface modification and solution with lower viscosity could potentially allow more QDs to enter through the windows. For all the window sizes examined, we observed that the photoluminescence saturated when pumped with increasing laser power. We fitted the data and extracted saturation power ~400 W (see supplement S4). We did not observe significant difference in the saturation power for different window sizes, since the intensity of the pumping light on each QD was essentially the same in all four cases.
Coupling of QDs to a photonic molecule
One promising application of our deterministic positioning method is performing quantum manybody simulations 37 using QDs coupled to cavity arrays. The simplest array, made up of just a pair of coupled cavities, is called a photonic molecule 38 . It has been shown in several theoretical studies that QDs coupled to a photonic molecule may form the basis for studying exotic phases of matter 39 and other cavity quantum electrodynamics phenomena such as unconventional photon blockade 38, 40 . However, both scalability and deterministic positioning are difficult to achieve with conventional self-assembled semiconductor QDs coupled with suspended coupled nanobeam cavities. Besides, the mode symmetric nature of the coupled cavity super-modes also precludes the reflection measurement of photonic crystals by directly pumping and collecting a laser signal at the center of the cavity 41 . Here we fabricate the photonic molecule with grating couplers for each cavity for transmission measurements and deterministically position the QDs to couple with the cavity super modes. Figure 5a shows the SEM of the fabricated device. Each cavity has a pair of grating couplers that allows measuring transmission from each cavity independently. We fabricate two coupled cavities with different gaps between them: 1.5 μm, 400 nm, and 200 nm (Figure 5b ). Figure 5c shows the transmission spectrum measured via the grating for cavity 1. For cavities 1.5 μm apart, we see only one cavity in transmission, indicating there is no coupling between two cavities. For cavities 400 nm and 200 nm apart, we observe the two coupled super-modes. As the distance becomes smaller for the two cavities, the coupling strength becomes stronger, resulting in larger spectral separation of the two modes. We then opened up PMMA windows on cavity 2 and spin-coated it with the QD solution. We adjusted the collimation of the pumping beam so that it illuminated both cavities, and we collected PL from gratings for both cavities. The results are shown in Figure 5d . For cavities that were 1.5
μm apart, we only observed the cavity signal from the grating for cavity 2, since the gap was too large for the two cavities to couple. For cavities 400 nm and 200 nm apart, we successfully observed coupling between the QDs and the super-modes at both gratings for cavity 1 and cavity 2. This approach can be readily scaled up to an array of multiple coupled QD-cavities.
Conclusions
In summary, by selectively opening up a PMMA window on an encapsulated SiN nanobeam cavity and performing solution-phase deposition, we have demonstrated deterministic coupling between colloidal QDs and an encapsulated silicon nitride nanobeam cavity. We have also explored the coupling between the colloidal QDs and a photonic molecule. Our results suggest several directions in future research, one of which is to tailor the size of the window as well as the QDs to create an array of coupled cavities with exactly one QD per window. This could be done by, for instance, creating giant core-shell QDs 42, 43 . Our results also pave the way for future studies of colloidal QDs coupled with various photonic crystal cavity platforms, with applications in cavity enhanced single photon emission, low power nonlinear optics, and quantum many body simulations.
